Background--Findings from recent studies show that microvascular injury consists of microvascular destruction and intramyocardial hemorrhage (IMH). Patients with ST-segment elevation myocardial infarction (STEMI) with IMH show poorer prognoses than patients without IMH. Knowledge on predictors for the occurrence of IMH after STEMI is lacking. The current study aimed to investigate the prevalence and extent of IMH in patients with STEMI and its relation with periprocedural and clinical variables.
T he recommended treatment for ST-segment elevation myocardial infarction (STEMI) is coronary revascularization by primary percutaneous coronary intervention (PCI) in combination with antithrombotic therapy. 1 PCI and coronary revascularization, however, can cause additional injury in the form of reperfusion arrhythmias, myocardial stunning, and microvascular injury. Microvascular injury, also known as the no-reflow phenomenon, occurs in up to 40% of patients after successful PCI 2 and may include microvascular obstruction (MVO) and intramyocardial hemorrhage (IMH) as visualized by cardiac magnetic resonance (CMR) imaging. 3 Restoration of blood flow to infarcted or ischemic myocardium inadvertently leads to ultrastructural and functional changes at the microvascular level, including microvascular plugging, platelet aggregation, microvascular spams, inflammatory response, and ischemic and reperfusion damage to the endothelium. 4, 5 Recently, it was shown that these areas of microvascular injury mainly contain areas of microvascular destruction, but also extensive erythrocyte extravasation referred to as reperfusion-induced IMH. [6] [7] [8] Although microvascular injury and IMH are closely related, it is unclear which factors determine why IMH occurs in certain patients with microvascular injury. IMH might be a feature of larger infarction; however, large infarctions occur without microvascular injury as well, thus patient-related and periprocedural factors are hypothesized to play a role. Recent studies have linked the presence of IMH to larger infarctions with worse left ventricular (LV) functional recovery compared with MVO only. [9] [10] [11] Clarifying which factors promote IMH will increase our understanding of the pathophysiology and might thereby guide future steps to improve patient outcome after STEMI. Visualization and quantification of infarct characteristics including infarct size, MVO, and IMH, are preferably performed with CMR imaging. With late gadolinium enhancement CMR imaging, infarcted myocardium is assessed by hyperenhancement after contrast administration, and MVO can be seen as a hypointense core within the hyperenhanced region. On T2-weighted CMR imaging, a hypointense core within the hyperintense edematous infarcted myocardium is thought to reflect IMH caused by the paramagnetic effects of hemoglobin breakdown products. 9 The current study evaluated the prevalence and extent of IMH and the relation of IMH with clinical and procedural parameters in a large group of patients with revascularized STEMI who underwent CMR imaging in the days after infarction. In addition, the relation of IMH with infarct characteristics and short-term LV functional outcome was assessed.
Methods
In this observational cohort study, prospectively included consecutive patients with STEMI who underwent CMR imaging 4 to 12 days after successful treatment by primary PCI were analyzed. Patient data were derived from previously described cohorts of the VU University Medical Center (PREDICT-MVI database and MVO database), 12 
Coronary Angiography
Thrombolysis in myocardial infarction (TIMI) grade 3 flow post-PCI was defined as a visually normal flow through the stented coronary artery with normal distal coronary perfusion. Infarctions of the left anterior descending and left main stem coronary artery were defined as anterior myocardial infarction. Findings from coronary angiograms from patients of the METOCARD-CNIC database were adjudicated by an independent clinical events committee.
Cardiovascular Magnetic Resonance
The designs of the CMR protocols of all cohorts were previously published. [12] [13] [14] 17 Patients underwent CMR imaging 5.5AE1.8 days after PCI, using a 1.5-or 3.0-Tesla clinical magnetic resonance scanner (1.5-T Sonata or Avanto [Siemens] or 1.5-T Intera or 3.0-T Achieva [Philips Medical Systems]). In summary, balanced steady-state free precession cine imaging was performed in standard long-and short-axis orientations to measure LV volumes and calculate LV ejection fraction. Typical parameters were in-plane resolution 1.692.0 mm; slice thickness/slice gap: 5/5 mm, 6/4 mm, 8/0 mm; flip angle 40 to 75°; temporal resolution 35 to 50 ms; and TR/TE 3.4/1.7. Prior to contrast administration, breath-hold T2-weighted spin-echo images were acquired to visualize infarct-related edema and IMH in short-axis orientation covering the whole left ventricle or infarcted area only (defined using 3 long-axis views of T2-weighted CMR imaging). 9 Typical parameters were TR=29 RR interval; TE 64 ms;
and voxel size 1.591.897 mm. IMH was defined as an area with low (attenuated) signal within the hyperintense
Clinical Perspective
What is New?
• This is the first study to link periprocedural additional glycoprotein IIb/IIIa inhibitor treatment to higher occurrence of intramyocardial hemorrhage in patients with reperfused ST-segment elevation myocardial infarction.
What are the Clinical Implications?
• The optimal application of aggressive antithrombotic therapies in patients with ST-segment elevation myocardial infarction undergoing percutaneous coronary intervention remains to be studied, especially in the era of adequate double antiplatelet preloading.
• Anterior infarct location predicted presence and severity of intramyocardial hemorrhage and may prove useful in direct risk stratification.
edematous myocardium and was manually delineated and quantified. All IMH analyses were performed by a trained researcher (R.T.), and were later controlled by experienced readers (R.N. or R.F.J. dimensions were indexed to body surface area, which was calculated using the formula of DuBois and DuBois. All CMR data were analyzed using dedicated offline software (QMassMR version 7.6, Medis).
Statistical Methods
All patient data were merged into 1 data set. Continuous variables are presented as mean and SD or median and interquartile range (IQR) when appropriate. Categorical variables are presented as number and percentage. We determined skewness and kurtosis and used Shapiro-Wilk test, box plots, stem-and-leaf plots, and histograms to explore the distribution of continuous variables. In addition to the presence of IMH, the extent of IMH was analyzed. Because of a right-skewed and zero-inflated distribution of IMH extent, patients were categorized into 3 groups: no IMH, mild IMH, and extensive IMH. Extensive versus mild IMH was defined as IMH weighing more versus equal/less than the median (3.76 g) among patients with presence of IMH, respectively. For univariable analysis, we compared means of normally distributed continuous variables between these groups using one-way ANOVA with Tukey post hoc tests for the difference between the groups. Not normally distributed continuous variables were compared using Kruskall-Wallis ANOVA, and post hoc testing was performed with Mann-Whitney U tests between groups (if overall ANOVA was significant). Betweengroup comparison of categorical variables was performed using chi-square test with post hoc testing, with chi-square tests separate for each pair of groups (if the overall chi-square test for 3 groups was significant). P values of <0.05 were considered statistically significant. For post hoc testing for differences between the 3 groups (no, mild, and extensive IMH), Bonferroni correction was applied and P values of <0.017 were considered statistically significant. Covariates of interest associated with the occurrence of IMH as well as the occurrence of extensive IMH (versus mild or no IMH) were investigated using multivariable logistic regression. All baseline variables that were significant at P<0.10 on univariable logistic regression analysis were entered into a multivariable model. All statistical analyses were performed using IBM SPSS software package (IBM SPSS Statistics version 22).
Results
Of 445 eligible STEMI patients, 410 patients were included in this pooled individual patient analysis. The main reason for exclusion was lack of or insufficient quality of T2-weighted CMR images. The mean age of the population was 59AE11 years, and 343 patients (84%) were men. Baseline characteristics of the study population per study are shown in Table 1 and baseline characteristics of the total study population and per IMH group are shown in Table 2 .
A total of 222 patients (54%) had IMH, categorized into 2 groups of 111 patients based on the median IMH (3.76 g) as the cutoff value. Figure 1 shows typical examples of IMH as visualized by T2-weighted CMR imaging in patients without IMH, those with mild IMH, and those with extensive IMH. (Table 3) .
Clinical and Periprocedural Parameters Associated With the Presence of IMH
To investigate whether these results were driven by the 2 patient cohorts from CNIC, in which only patients with anterior infarction were included and >85% received GPIIb/IIIa inhibitor treatment, the univariable and multivariable analyses were repeated without these patients. In multivariable analysis without the METOCARD Furthermore, subanalysis was performed in all patients to assess whether extensive IMH was associated with medical therapy before hospital admission. In univariable analysis, statin treatment (OR, 0.33; 95% CI, 0.14-0.75 [P=0.008]) was negatively associated with extensive IMH. After correction for age and sex, no significant relation remained for statin treatment and extensive IMH.
Association Between IMH and CMR Parameters
CMR examinations were performed at 5.5AE1.8 days after PCI, similar for patients with and without IMH. Figure 2 shows that IMH occurred already in the very early phase after STEMI and is detectable with CMR imaging as soon as 1 to 2 days post-PCI. Infarct size, MVO, and LV functional parameters were compared between the 3 patient groups, ie, no IMH, mild IMH, and extensive IMH. The relationship of CMR parameters of infarct severity and short-term LV functional outcome with the extent of IMH are shown in Table 5 .
MVO was seen on late gadolinium enhancement CMR imaging in 279 patients (69%), and IMH was seen on T2-weighted CMR imaging in 222 patients (54%). Fifty-seven patients (14%) showed MVO without IMH and no patients showed IMH without MVO; late gadolinium enhancement CMR imaging was not available in 5 patients, all of whom showed no IMH. Patients with extensive IMH had larger absolute and indexed infarct size compared with patients with mild or no IMH (all P<0.001). The extent of MVO, both absolute and indexed to LV mass, was significantly larger in patients with extensive IMH compared with mild or no IMH (both P<0.01). Furthermore, patients with extensive IMH had lower LV ejection fraction and larger LV dimensions, both absolute and indexed to body surface area, compared with patients with mild or no IMH (all P<0.001). Compared with patients without IMH, patients with mild IMH had larger absolute and indexed infarct size (both P<0.001), higher prevalence of MVO (P<0.001), and greater absolute extent of MVO (P=0.001). Regarding LV functional parameters, patients with mild IMH had lower LV ejection fraction (P<0.001) and larger absolute and indexed LV endsystolic volume (P=0.013 and 0.005, respectively).
To investigate whether the abovementioned relations were driven by higher presence of anterior infarction in the patients with IMH, the relation of CMR parameters with extent of IMH was also assessed in patients with anterior infarction only. All of the abovementioned relations between CMR parameters and the extent of IMH remained intact with equal or greater statistical significance.
Discussion
Infarct characteristics and LV functional outcome, as assessed by CMR imaging, are increasingly used as surrogate outcome measures for prognosis after myocardial infarction, even when studying the effect of new interventions. The presence of microvascular injury, regardless of successful epicardial revascularization, confers a poorer prognosis for patients. 9, 10, 18 Both MVO and IMH are features of the larger concept of microvascular injury [6] [7] [8] and have been linked to poorer prognosis after STEMI, 9,11 even independent from infarct size. 19 Moreover, the presence of IMH on top of MVO confers an even poorer prognosis than the presence of MVO only. 10, 20 Therefore, an increasing number of studies are focusing on understanding IMH within the concept of microvascular injury after STEMI. This study is the first to investigate the relation of periprocedural factors with the presence and extent of IMH and is the largest patient series thus far. The main findings of the study are: (1) IMH occurs in 54% of patients with successfully reperfused STEMI, whereas MVO occurs in 70%; (2) the presence of IMH is independently associated with anterior infarct location and periprocedural administration of additional GPIIb/IIIa inhibitor; (3) extensive IMH is independently associated with anterior infarct location; and (4) the presence and extent of IMH are associated with more severe infarction and worse short-term LV functional parameters.
The most striking finding of this study is the strong independent association of the presence of IMH with additional GPIIb/IIIa inhibitor treatment. Although a causal relationship cannot be assumed because of the observational nature of the study, it is conceivable that more aggressive antithrombotic strategies might induce IMH. Several studies have shown modest infarct size reduction after additional GPIIb/IIIa inhibitor treatment during PCI; however results on long-term LV functional recovery and major adverse cardiac events remain conflicting [21] [22] [23] and no additional mortality reduction was shown after GPIIb/IIIa inhibitor treatment in patients with STEMI who had adequate dual antiplatelet preloading. 24 We found additional GPIIb/IIIa inhibitor treatment to be associated with higher incidence of IMH. Also, animal models have shown increased incidence of IMH with use of additional intracoronary GPIIb/IIIa inhibitors, 25 and a recent study in patients with STEMI showed potent inhibition of platelet aggregation following GPIIb/IIIa inhibitors to be related to IMH occurrence. 26 We postulate that the discordance of infarct size reduction without a conclusive effect on long-term clinical outcome might partially be explained by a higher incidence of IMH in patients treated with additional GPIIb/IIIa inhibitors. Anterior infarction was also independently associated with the presence of IMH. Anterior infarctions generally lead to poorer clinical outcome, ie, lower LV ejection fraction, higher incidence of heart failure, and higher mortality rate compared with inferior infarctions. Occlusion of the left main stem or left anterior descending coronary artery often results in larger infarctions, which in previous studies has been linked to the presence of microvascular injury, including IMH. 10, 13 Nevertheless, infarct size is only known (days) after PCI when cardiac imaging is performed, rendering it unsuitable for immediate risk stratification at the catheterization laboratory, whereas infarct location is immediately revealed at the time of the procedure (or even prior to PCI on the presenting ECG). When designing therapies or strategies aimed at minimizing IMH, infarct location might prove useful as part of a risk score to directly identify high-risk patients suited for additional therapy. Medical history of hypertension before hospitalization was independently associated with a lower risk of extensive IMH. On a pathophysiological level, our results are difficult to interpret because medical history of hypertension is not a true reflection of vascular exposure to hypertension, as patients with undetected and therefore untreated hypertension are misclassified. On the one hand, this relationship is counterintuitive, as hypertension has previously been linked to coronary (micro)vascular remodeling and endothelial dysfunction. 27 In addition, both hypertension and IMH have been linked to adverse prognoses following STEMI. On the other hand, our results might reflect a possible protective effect of the medication these patients already received before hospital admission, ie, angiotensin-converting enzyme inhibitors and statins. Subanalysis in our study showed no significant relationship between medical therapy before admission (b-blocker, angiotensin-converting enzyme inhibitor, angiotensin receptor blocker, statin, or calcium channel blocker) and extensive IMH, after correction for age and sex. Taking into consideration that medical history of hypertension was not independently associated with presence of IMH and borderline significantly associated with extensive IMH, we believe this finding should be interpreted with caution.
Lastly, our results show IMH to be associated with more severe infarction, as shown by poorer LV function, larger LV dimensions, larger infarct size, and greater extent of MVO on short-term CMR imaging. These results were not driven by a higher incidence of anterior infarction in patients with IMH, as the associations remained significant when assessed separately in patients with anterior infarction only. These findings are in agreement with those from previous studies. 7, 11, 19, 20 Long-term follow-up of these patients is necessary to investigate LV functional recovery and mortality/major adverse cardiac events.
Limitations
Several factors leading to potential bias should be addressed. Two studies (Clock and METOCARD) included anterior infarction only. Also, the use of additional GPIIb/IIIa inhibitors differed among the included study cohorts (33-100%), reflecting the development over time and a growing tendency for application in selected patients only in the era of adequate dual antiplatelet preloading. The choice for GPIIb/IIIa inhibitor treatment is generally left to the discretion of the interventional cardiologist and if patients received additional GPIIb/ IIIa inhibitors because microvascular injury was already suspected based on suboptimal epicardial flow restoration, the effect of GPIIb/IIIa inhibitors on IMH might be an overestimation. However, TIMI flow <3 post-PCI was not independently associated with presence or extent of IMH. Also, in consideration of these possible sources of selection bias, additional analyses were performed, as described in the Results section, all supporting our conclusions. Furthermore, the METOCARD trial showed benefit of periprocedural b-blocker administration on infarct size and MVO. 28 No significant differences in IMH occurrence (P=0.36) or IMH extent (P=0.097) were found between patients with and without intravenous periprocedural b-blockers in the METOCARD trial. These data were not recorded in the other studies and therefore b-blocker administration was not included in our analysis. As microvascular injury, including IMH, shows a dynamic time course after STEMI, the timing of CMR imaging after PCI (range 1-12 days) might have influenced the detection and quantification of IMH. 29, 30 We cannot exclude the possibility that IMH was underestimated in some patients. Lastly, in our study, T2-weighted CMR imaging was used for IMH detection. There is no consensus yet on which method should be preferred for IMH detection in patients with STEMI, T2-weighted CMR imaging or T2*CMR imaging. T2* sequences might be more sensitive and reliable in detecting the presence of IMH 31, 32 ; however, spatial resolution is generally poorer than in T2-weighted sequences, which limits the quantification of IMH extent. Until consensus has been reached, both methods are frequently used to this end.
Conclusions
Additional GPIIb/IIIa inhibitor administration during PCI was independently associated with development of IMH, which warrants further investigation regarding the optimal application of aggressive antithrombotic therapies. Anterior infarction was independently associated with occurrence of IMH and higher risk of extensive IMH. These predictors might prove useful in the future identification of patients requiring additional treatment during PCI. In agreement with previous studies, IMH was associated with more severe infarction; however, long-term follow-up is required to assess the relation with functional and clinical outcome.
